ABSTRACT Development, location, and respiration of Compsilura concinnata (Meigen) (Diptera: Tachinidae) larvae were investigated using the silkworm, Bombyx mori (Linnaeus) (Lepidoptera: Saturniidae), as its host. C. concinnata was always found between the peritrophic membrane and the midgut of the host in the early larval stage. There they attached their posterior abdominal segment to or around the tracheoles of the host midgut using their anal hooks. C. concinnata at the later larval stage was found in the midgut cavity, where the peritrophic membrane had already been exuviated. The larvae actively took tracheae and tracheoles distributed on the coelomic surface of the host midgut into the midgut cavity.
HOW AND WHERE they live within the body of their host is very important for endoparasitic insects. Immature parasitoids must defend themselves from immune reactions, obtain nutrition, and respire.
In Tachinidae, it is known that some species stay in particular host organs, such as ganglia, the midgut, and salivary glands, during their young larval stages. There they remain until they are larger and more capable of countering the defense reactions of their hosts (Salt 1968) . They then enter the host body cavity, where they make a respiratory sheath called a funnel (Clausen 1940 , Salt 1968 ) and develop until they are ready to emerge from the host. This type of parasitism appears to be used by micro-oviparous tachinids, which lay minute eggs containing fully developed Þrst instar larvae on the food plants of host insects. The eggs are ingested with plant material, and the eggs hatch immediately in the midgut, from which the larvae move to particular host organs. Conversely, the larvae of some tachinid species stay in the body cavity throughout the larval instars. The larvae attach with their caudal ends directly on the host exoskeleton or near the spiracles or tracheae. Respiratory funnels form at the point of attaching, and the larvae remain attached to them until the end of the second instar or into the third (Hughes 1975) . Tachinids with macrotype eggs and many larviparous tachinids appear to have this kind of parasitism.
Another type of parasitism is found in Compsilura concinnata (Meigen), a well-known and widespread polyphagous tachinid. C. concinnata is ovoviviparous and known to be a gregarious parasitoid parasitizing Ͼ100 species in the Palearctic Region (Herting 1960) , at least 161 species in North America (Arnaud 1978) , and 59 species in Japan (Shima 1999) . Most of the hosts are lepidopterous larvae, but some sawßies and even coleopterans serve as their hosts. The high polyphagy in this species is of special interest for the evolutionary study of parasitism in tachinids. This species has been used as a biological control agent for the gypsy moth and other pests. A recent study, however, pointed out that this species damages populations of native and nontarget species in introduced areas (Boettner et al. 2000) . This species is rather well studied in comparison with other tachinid species in these respects, but some aspects of the immature life are still little known. There are also some misinterpretations and overlooked details in previous works. In this work, we clarify the development, location, and respiration of larvae of this species.
Materials and Methods
Host and Parasitoid Sources. Fourth and Þfth instar larvae of the silkworm, Bombyx mori (Linnaeus), were used as hosts. They were obtained from a stock culture maintained at the Institute of Genetic Resources, Division of Silk Genetics, Faculty of Agriculture, Kyushu University, and fed on mulberry leaves. Hosts were reared at 23 Ϯ 1ЊC, 50 Ϯ 20% RH, and photoperiod of 16:8 (L:D) h. Adults of C. concinnata were collected at Sefuri, Fukuoka Prefecture, Japan, in November 1999 and from July to September 2000, or obtained from laboratory-reared silkworms on which Þeld-collected females had parasitized. The ßies were kept individ-ually in plastic dishes (9 cm diameter ϫ 3 cm depth) at 15 Ϯ 1ЊC, 50 Ϯ 20% RH, and photoperiod of 16:8 (L:D) h, except during the test period, and supplied with 3% concentration of honey jelly.
Tachinid Larviposition. Wild females of C. concinnata (n ϭ 4), or lab-mated females (n ϭ 3) that were at least 8 d old after mating, were prepared for larviposition, by moving them to room temperature (23 Ϯ 2ЊC, 50 Ϯ 20% RH) at least 1 h before the experiment. A female ßy was individually exposed to three fourth or Þfth instar host larvae. Each host that was attacked several times and presumably parasitized was removed and replaced with an unparasitized one.
Developmental Times of Tachinid. Developmental times of C. concinnata from larviposition to pupation were examined in hosts parasitized in the fourth and Þfth instars. A total of 21 fourth and 20 Þfth instar host larvae were parasitized as above-mentioned method. Parasitized hosts were kept individually in plastic cups (7.5 cm diameter ϫ 4 cm depth) and fed on mulberry leaves. These rearings were conducted at 23 Ϯ 1ЊC, 50 Ϯ 20% RH, and photoperiod of 16:8 (L:D) h. These data were presented as means Ϯ SD and analyzed by the Mann-WhitneyÕs U test using StatView (SAS Institute 1998).
Location and Respiration of Parasitoid Larvae Within the Host. The location of C. concinnata within the host and its respiration were examined in hosts parasitized in the fourth and Þfth instars. Sixteen fourth instar host larvae were parasitized as abovementioned method. Two parasitized hosts were immediately paralyzed by being placed in a freezer at Ϫ3ЊC for Ϸ10 min, and were dissected in Ringers solution. Rest of parasitized hosts were kept individually in plastic cups (7.5 cm diameter ϫ 4 cm depth) and fed on mulberry leaves at 23 Ϯ 1ЊC, 50 Ϯ 20% RH, and photoperiod of 16:8 (L:D) h. When the parasitized hosts reached in the approximately middle stage of fourth instars (2Ð 4 d after the molting to fourth instars; n ϭ 4), the molting stage to Þfth instars (n ϭ 3), the approximately middle stage of Þfth instars (2Ð5 d after the initial of Þfth instars; n ϭ 3), and the prepupa (1Ð 4 d after the initiation of cocoon spinning; n ϭ 4), those were paralyzed and dissected in a similar way. Thirtysix Þfth instar host larvae were parasitized. Three parasitized hosts were immediately paralyzed and dissected. Several hours later (5Ð7.5 h later), three parasitized hosts were respectively paralyzed and dissected. The rest were reared as above-mentioned method. When the parasitized hosts reached in the approximately middle stage of Þfth instars (2Ð5 d after the initial of Þfth instars; n ϭ 6), and the stage of the prepupa (1Ð 4 d after the initiation of cocoon spinning; n ϭ 24), those were paralyzed and dissected. Dissected host larvae were then examined under a stereo microscope.
Results
Developmental Times of Tachinid. The developmental times of C. concinnata from larviposition by females to pupation were signiÞcantly shorter in Þfth instar host larvae than that in fourth instar larvae (Mann-WhitneyÕs U test; U ϭ 20; P Ͻ 0.001; Table 1 ). The developmental times of the tachinid from the initiation of cocoon spinning by hosts to pupation of C. concinnata were not signiÞcantly different between hosts parasitized as fourth and Þfth instars (MannWhitneyÕs U test; U ϭ 627; P ϭ 0.111). Regardless of the instar of the host at larviposition, ßy larvae usually emerged from the host body to pupate during or after the hostÕs prepupal stage. Averages of 2.1 Ϯ 1.3 (range, 1Ð5; n ϭ 44) and 1.8 Ϯ 1.0 (range, 1Ð 4; n ϭ 36) ßy larvae per host emerged from the fourth and Þfth instar larvae, respectively.
Location and Respiration of Parasitoid Larvae Within the Host
C. concinnata at the Early Larval Stage. When exposed to host larvae, females of C. concinnata approached hosts and quickly injected an egg containing a fully developed Þrst instar larva into the host, using the seventh abdominal sternum, which is specialized to form a piercing ovipositor. When host larvae were dissected immediately after larviposition, Þrst instar tachinid larvae were found in the hemocoel or the narrow cavity between the peritrophic membrane and the wall of the midgut of the host. When host larvae were dissected several hours after larviposition, Þrst instars were always found in the narrow cavity between the peritrophic membrane and the wall of the midgut. Regardless of the instar of the host at larviposition, parasitoid larvae were found in this narrow cavity at this period. In this cavity, some larvae ßoated free and others attached themselves posteriorly to host tracheoles ( Figs. 1 and 2 ). These latter larvae used anal hooks to Þx their posterior abdominal segment to the wall of the midgut. The attachment of the abdomen was too tight to remove with forceps. The situation lasted until the parasitoid reached the early second instar.
C. concinnata at the Later Larval Stage. Parasitized host larvae stop eating during the late Þfth instar and expelled the peritrophic membrane and contents of the midgut in preparation for pupation. When host larvae were dissected after these expellings, the tachinid larvae were found in the cavity of the host midgut. There tachinid larvae pulled tracheae and tracheoles distributed on the surface of the host midgut into the midgut cavity (Fig. 3) . The midgut containing tachinid larvae is shown in Fig. 4 ; areas with tachinid larvae tended to be brown, and the areas in which the tracheal tubes were taken into the midgut cavity became red (Fig. 5, A and B) . Apices of tracheal tubes inserted into the midgut cavity were cut from the inside wall of the midgut (Fig. 5C ). The tachinid larvae attached their posterior segments to the points in which tracheal tubes were inserted into the midgut cavity (Fig. 5D ). The number of the points in which tracheal tubes were inserted into the midgut cavity was greater than that of parasitizing larvae. Exuviae of the tachinid larvae were sometimes found at the point in which tracheal tubes were inserted. As the tachinid larvae developed inside the host midgut, it progressively deteriorated, and the host larvae died within 3 d of cessation of eating and began spinning cocoons. After the host died, most of the tachinid larvae moved free in the disintegrated midgut deserted from tracheoles, and only a few reentered the host hemocoel and only in the case of excessive gregarious parasitism, in which Þve or more tachinid larvae parasitized in a host.
Structure of the Posterior Abdominal Segment in C. concinnata Larva First Instar Larva. Culver (1919) mentioned that the Þrst instar larva of C. concinnata has three anal hooks around the posterior spiracles to attach itself to the peritrophic membrane just before molting into the second instar. We found that the three anal hooks, two on the dorsal side of the posterior spiracles and one ventral to them (Fig. 6A) , were not used for attachment to the peritrophic membrane, but to the hostÕs midgut close to the tracheoles. We also observed that this attachment occurred within 24 h of larviposition (Fig. 2) .
Second Instar Larva. According to Culver (1919) , anal hooks are not present in the second instar. However, we observed that the second instar larva has the same kind of hooks as the Þrst instar, although their shapes were more complicated (Fig. 6B ). An early second instar uses these hooks to attach the end of its abdomen to tracheoles of the host midgut.
Third Instar Larva. Third instars have no anal hooks. There are many spines around the posterior spiracles, and the posterior spiracles become very large. Culver (1919) indicated that when a young larva of C. concinnata was introduced into its host, it developed to the second instar attached to one of the spiracles or branches of the tracheae in the body cavity. According to Tothill (1922) , the Þrst instar larva of C. concinnata stays between the peritrophic membrane and midgut wall of the fall webworm, Hyphantria cunea (Drury). He mentioned that the tachinid larva feeds there until the second instar, when the larva enters the body cavity and develops its breathing connection and respiratory funnel. Bourchier (1991) presented a different view, noting that the C. concinnata larva was found in the midgut of the gypsy moth between the peritrophic membrane and the gut during all three larval instars. He stated that the larva attached to the gut wall of the host with its anal hooks in such a way that its spiracles contacted the host tracheae. In our study, larvae of C. concinnata did not reenter the body cavity after penetrating into the midgut, except when it left the host or the host died as a result of excessive gregarious parasitism. Larvae of this species also did not make a respiratory funnel. The results of our study are similar to those of Bourchier (1991) , but he did not discuss the exuviation of the peritrophic membrane and respiration of tachinid larvae.
Discussion
First instar larvae of C. concinnata enter the cavity between the peritrophic membrane and the wall of the midgut soon after injection by the female and stay there attached with their posterior abdominal segment to tracheoles until the exuviation of the host for pupation. After the exuviation of the peritrophic membrane, larvae stay in the midgut cavity and actively draw tracheae or tracheoles through the wall of the midgut for respiration. They feed and rapidly grow until they are fully developed third instars, at which time they emerge from the host. Weseloh (1984) showed that C. concinnata develops slower when parasitizing a fourth instar larva of the gypsy moth rather than a Þfth instar. We had similar results with the silkworm in our study. The developmental rate of C. concinnata from larviposition to pupation was signiÞcantly longer in fourth instar than in Þfth instar hosts. The duration from silk spinning of the host to pupation of the parasitoids was almost the same in both instars (Table 1) . These results appear to indicate that the growth of C. concinnata is closely Fig. 3 . Parasitization of C. concinnata at later larval stage. Second instar larva of C. concinnata staying in the midgut cavity of host at the prepupal stage, and activity taking host tracheae and tracheoles into the midgut cavity. bw, Body wall; cs, cephalopharyngeal skeleton; e, exoskeleton; m, midgut; tr, tracheae; to, tracheole. synchronized with the metamorphosis of the host. We observed that the host larvae stopped eating and discharged wet pale brown feces in the late Þfth instar. They exuviate the peritrophic membrane of the midgut at this time. C. concinnata larvae start to grow rapidly after the exuviation of the hostÕs peritrophic membrane.
C. concinnata was always found between the peritrophic membrane and the wall of the midgut in the early larval period (Figs. 1 and 2) , and it was found in the midgut cavity after the exuviations of the host peritrophic membrane in the later larval period (Figs.  3 and 4) . In short, C. concinnata stays in the midgut of the host during its entire larval stage, except for a short period after larviposition in silkworm larvae.
There are several questions worth consideration about the parasitic method of C. concinnata. First, why does C. concinnata stay in the midgut of the host? Perhaps in part to avoid the host immune reaction, as suggested by Bourchier (1991) . In fact, it is known that young larvae of some tachinids avoid exposure to the hemocytic reaction of their hosts by inhabiting particular host tissues, such as ganglia, salivary glands, silk gland, and brain (Clausen 1940 , Salt 1968 ). Blood cells are probably not as numerous in the host midgut, and this site may be a good place to escape from the host immune reaction. This strategy might also contribute to the ability of this species to parasitize a wide range of hosts. Another reason for developing in the midgut might be to evade aggressive competitors. Iwao and Ohsaki (1996) showed that C. concinnata had a higher chance of survival when it and Epicampocera succincta (Meigen) occurred together in a single larva of a Pieris butterßy. They suggested that C. concinnata larvae probably have little chance of being found by competitors while inside the host midgut. Our Þndings that larvae of C. concinnata stay in the midgut until fully grown probably support the latter explanation, because third instar larvae that have the ability to Þght the host immune reaction still stay in the midgut.
Second, how do C. concinnata larvae get sufÞcient nutrition in the host midgut? C. concinnata larvae developed from the Þrst instar to early second instar between the peritrophic membrane and the wall of the midgut. This suggests that C. concinnata larvae obtain the nutrition in some way in this place. It is probable that C. concinnata gets nutritious substances Þltered through the peritrophic membrane of the host at the early larval stage. Later, C. concinnata larvae rapidly grow during metamorphosis of the host from the last instar to pupa. During this period, the inside of the host midgut is gradually disintegrated. It is known that midgut epithelial cells degenerate and fall into the midgut cavity during metamorphosis of the host (Akai 1978 , Kobayashi 1978 . The tachinid larvae may consume epithelial cells degraded from the midgut. It may cause the death of the host.
Third, how are C. concinnata larvae able to respire in the host midgut? It is well known that tachinid larvae make a respiratory funnel attached to a tracheal branch, spiracle, or integument of a host (Clausen 1940 , Salt 1968 . These funnel formations have been reported in many tachinids species, e.g., Linnaemya comta (Fallé n), Ernestia ampelus (Walker), Parasetigena silvestris (Robineau-Desvoidy), Bessa remota (Aldrich), Drino inconspicua (Meigen), and Winthemia quadripustulata (Fabricius) (see Clausen 1940) . But the method of respiration in C. concinnata is different from these species. Larvae of C. concinnata attached their posterior abdominal segment to host tracheoles in the early larval stage (Figs. 1 and 2 ). First and second instar larvae have three anal hooks around the posterior spiracles (Fig. 6) , and they used these hooks to Þx their bodies to the midgut wall close to tracheoles. Culver (1919) supposed that anal hooks of the Þrst instar larvae were used for molting to the second instar. However, we consider that these hooks are used to aid respiration in the host midgut, because Þrst instar larvae attached themselves to the wall of the midgut of the host within 24 h after larviposition (Fig.  2) . Similar hooks are also known in some other tachinid species, such as Istochaeta spp. and Hamaxia incongrua Walker, that are free living in host bodies and use these hooks to puncture air sacs or tracheal branches (Clausen 1940) . Sharp and heavily sclerotized anal hooks in C. concinnata may be an adaptation for respiration and to hold its body in a deÞnite position within the host midgut. C. concinnata actively pulls tracheae and tracheoles distributed on the surface of the host midgut into the midgut cavity at the later larval stage (Figs. 3, 4, and 5 ). The number of the points in which tracheal tubes were inserted into the midgut cavity was greater than that of parasitizing larvae, suggesting that tachinid larvae moved in the midgut and changed their attachment points to tracheloles. It is not certain how they take the tracheae and tracheoles into the midgut cavity, but the second instar larvae possibly use anal hooks for this purpose. Although the third instar larvae do not have anal hooks, they have many small spinules around the posterior spiracles. The third instar larvae may use these spinules to position themselves in the host midgut. It is also most probable that the third instar larvae do not need the anal hooks at the later period, because hosts often die a few days before ßy larvae emerge. Weseloh (1984) suggests that increased growth of the parasitoids is related to the changes in host juvenile hormone secretions. However, it seems difÞcult to consider that the hormone exists inside the midgut. Therefore, it is possibly related to the secondary phenomena as a result of the changes of hormone secretions of hosts, such as the exuviation of the peritrophic membrane, dissolution of tissues, and pH alternations. A full understanding of the mechanism whereby this parasitoid recognizes the beginning of host metamorphosis needs future study. Blondelia nigripes (Fallé n), which is a larvipositing parasitoid that injects larvae directly into the host hemocoel with a sickle-shaped larvipositor as does C. concinnata, also develops in the host midgut and has anal hooks (Dowden 1933) . Vibrissina turrita (Meigen) also has anal hooks and develops in the host midgut (unpublished data). The genera Blondelia Robineau-Desvoidy, Compsilura Bouche, and Vibrissina Rondani belong to a blondeliine group that injects larvae directly into the host with a sickle-shaped ovipositor (Shima 1983 (Shima , 1984 . The fact that these species have similar parasitic habits seems to show the implications of the close evolutional relationships of these tachinids together with morphological similarities. Entomology, Graduate School of Agriculture, Hokkaido University, Sapporo City, Japan) for their kind advice and help, and the graduate students of BLKU for their kind suggestions and encouragement. This study is supported in part by Grantin-Aid for ScientiÞc Research (B) from the Japan Society for the Promotion of Science (No. 12440241 ). This paper is contribution No. 86 from Biosystematics Laboratory, Graduate School of Social and Cultural Studies, Kyushu University.
